The development of green fluorescent protein (GFP) for intracellular imaging of specific proteins was acknowledged by a Nobel Prize in Chemistry in 2008.^[@ref1]^ Imaging of specific mRNA inside individual cells is another important task that can contribute to both understanding of mRNA processing and to probing the functions of recently discovered noncoding RNAs.^[@ref2]^ A great variety of approaches for targeted sensing of mRNA in live cells has been proposed in recent years including aptamer-protein systems (e.g., MS2 system),^[@ref3]^ aptamer-dye systems (e.g., spinach aptamer),^[@ref4]^ nucleic acid templated chemical reactions,^[@ref5]^ adjacent hybridization probes,^[@ref6]^ molecular beacon (MB) probes^[@ref7]^ and nanoparticle-based approaches,^[@ref8],[@ref9]^ among others.^[@ref10]^ However, the delivery of the probes or expression of fluorescent species within genetically modified cells requires hours of incubation. Development of a probe that could be activated with a remotely applied physical stimulus would enable activation of sensing and quantification of mRNA in cells at the desired time point. Caged MB probes have been suggested for light-activated detection, which can potentially enable temporal control of sensing.^[@ref11]^ However, caged MB probes produce high background fluorescence^[@cit11b],[@ref12]^ and require invasive delivery of the probe inside cells.^[@ref13]^ Moreover, light-dependent activation may result in either incomplete probe activation or photodamage to living cells. Therefore, no efficient approaches for instant, remotely activated sensing of mRNA inside cells are available to date.

Nanomagnetic actuation^[@ref14]^ (activation of biomolecular species bound to magnetic nanoparticles in the presence of an externally applied magnetic field) elegantly addresses the common issues faced by other comparative techniques for the remote sensing and actuation of intracellular processes. Indeed, owing to its high precision and accuracy, the coupling of a magnetic field to a biomolecule-conjugated magnetic nanoparticle has been applied to several areas of biomedical science: for the investigation of cell mechanical properties,^[@ref15]^ mechanosensitive ion channel signaling pathways,^[@ref16]^ and for targeted activation of specific ion channels.^[@ref17]^

Here we report a new RNA sensing technology based on the principles of nanomagnetic actuation, magnetic field-activated binary deoxyribozyme (MaBiDZ), which enables sensing of a specific mRNA analyte via application of a magnetic field in a remote and noninvasive manner. The technology takes advantage of magnetic beads (MaB) coupled to a binary deoxyribozyme (BiDZ) probe ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}A), developed earlier.^[@ref18]^ BiDZ consists of three components: the analyte binding arms (DZa and DZb) and a fluorogenic reporter substrate (F-sub). F-sub is an oligonucleotide strand composed of a fluorophore and quencher conjugated to the opposite sides of the cleavage site. DZa and DZb can hybridize to a specific DNA or RNA analyte and form the DZ catalytic core, which cleaves F-sub, thus resulting in separation of the fluorophore and quencher followed by fluorescent signaling. Important advantages of BiDZ over other hybridization probes is its improved sensitivity, single mismatch selectivity at ambient temperatures, simple design, and low cost.^[@ref18]^ In this work, we took advantage of the modular design and high sensitivity of the BiDZ probe for the development of MaBiDZ, a novel magnetic field-activated switch for real time mRNA sensing in live cells.

![Principle of Magnetic Field-Activated Deoxyribozyme Sensor\
(A) Binary deoxyribozyme sensor (BiDZ) as reported earlier.^[@ref18]^ DNA strands DZa and DZb hybridize to adjacent position of analyte and form deoxyribozyme catalytic core, which cleaves fluorogenic F-sub and increases sample fluorescence. (B) MaBiDZ developed in this study. Magnetic bead (MaB1)-bound DZa forms a catalytic core with DZb in the presence of analyte. The activated sensor produces signal only when: (i) second species of magnetic beads, MaB2 carrying F-sub is present and (ii) magnetic field that aggregates MaB1 and MaB2 is applied. See the DNA sequences in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.](ja-2017-06022v_0003){#sch1}

The magnetic switch consists of two species of 100 nm magnetic beads (MaB), MaB1 and MaB2 ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}B). MaB is composed of a 15 nm iron oxide (Fe~3~O~4~) superparamagnetic core encased in a silica shell. The shell is modified with a grafted polymeric brush of a block copolymer PAA-*b*-PEGMA composed of poly(acrylic acid) (PAA) and a polymer of poly(ethylene glycol) methyl ether acrylate (PEGMA). The MaB cores have a saturation magnetization value (47 emu/g),^[@ref19]^ which is sufficient for effective utilization of magnetic force. The DNA strands are conjugated to MaB via the polymeric brush using a flexible linker, which is known to improve biocompatibility, facilitate intracellular delivery and prevent nanoparticle aggregation in the absence of a magnetic field,^[@ref20]^ whereas the flexible linker allows mobility of the BiDZ arms.

MaBiDZ consists of the DZb strand, MaB1 conjugated with DZa and MaB2 conjugated with DNA hook strand complementary to F-sub ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}B, see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf) for details of the conjugation procedure). F-sub is incubated with the Hook-MaB2 conjugate, which is then rinsed to remove unbound F-sub. A DNA or RNA analyte hybridized to DZa and DZb strands enables formation of the DZ catalytic core. The catalytic core does not produce the fluorescent signal unless hybridized with F-sub. Application of an external magnetic field induces aggregation of the MaB1 and MaB2, thus bringing the activated BiDZ sensor in close proximity to F-sub, which is followed by F-sub cleavage and amplification of fluorescent signal. Though the 3D motion of MaBiDZ may be restricted under a magnetic field, both the flexible linker and large particle size allow a greater degree of contact points between the two DZ species. To the best of our knowledge this is the first strategy that allows activation of a hybridization sensor by a magnetic field. Another important advantage of this approach is the low background fluorescence due to the low concentration of the F-sub in solution, in comparison with the BiDZ detection ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}A). Indeed, the amount of F-sub attached to the beads is much lower than that used by BiDZ sensor (typically 200 nM). However, when MaB1 and MaB2 are aggregated, the local concentration of F-sub near the activated sensor is high.

For the proof-of-concept study, we chose to target Twist mRNA. Twist is a helix--loop--helix transcription factor whose overexpression has been shown to contribute to metastasis by promoting an epithelial-mesenchymal transition.^[@ref21]^ Thus, an intracellular sensor that can fluorescently report Twist mRNA levels would be useful to assess metastatic potential of cells in clinical applications. We first optimized the performance of the sensor in *in vitro* experiments using a synthetic DNA analyte with the sequence of Twist mRNA (see Twist sequence in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### Oligonucleotides Used in the Study

  Name[a](#t1fn1){ref-type="table-fn"}   Sequences
  -------------------------------------- -----------------------------------------------------------------------------------------------------------------------
  F-sub                                  5′-CGGT ACA TTG TAG AAG TT AAG GTT^FAM^ TCC TCg uCC CTG GGC A-BHQ1
  Twist                                  5′-TAGT GGG ACG CGG ACA TGG ACC AGG CCC CCT CCA TCC TCC AGA CCG AGA AGG CGT AGC TGA GCC GCT CGT GAG CCA CAT AGC TGC A
  DZa                                    5′-NH~2~/AAA AAA AAA AAA AAA AAA AAC GAG CGG CTC AGC TAC GCC T AC AAC CGA GAG AGG AAA C
  DZb                                    5′-CCA GGG A GG CTA GCT TCT CGG TCT GGA GGA TGG AG
  Hook                                   5′-NH~2~/AAA AAA AAA AAA AAA AAA AA/iSp9/AAC TTC TAC AAT GTA CCG

iSp9 - triethylene glycol linker; FAM attached to the DNA is a fluorescein derivative; BHQ1 - "Black Hole Quencher" is a fluorescence quencher; ribonucleotides are in low case.

The results of *in vitro* studies demonstrated a near 2-fold enhancement of fluorescent signal when MaBiDZ is switched ON in the presence of the magnetic field compared to the OFF state, for which the signal does not change over time ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). Importantly, the signal remained at the background level in the absence of an applied magnetic field ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, (c)) and in the absence of analyte ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, (b)). Furthermore, the signal response to a noncomplementary target is similar to that of the background fluorescence (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf) for Figure SI5). The results also demonstrate faster activation of MaBiDZ compared to BiDZ, ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, compare slopes of lines e and d). Time dependent profiles demonstrate that unlike BiDZ, MaBiDZ does not demonstrate time dependence of fluorescent response, but produces maximum signal within 30 min. These data demonstrate important advantages of MaBiDZ system in comparison with BiDZ: (1) it responds faster upon activation by magnetic field and reaches maximum signal in shorter time, due to, presumably, higher local concentration of F-sub. MaBiDZ's response does not increase over longer incubation time due to the shortage of F-sub supply, which is limited by contact area between MaB1 and MaB2. Thus, an important feature of the MaBiDZ system is activation at the desired time. (2) The two-probe system allows measurement of Twist in a controlled fashion by separating F-sub and DZa, lowering the background signal generated.

![Comparison of *in vitro* fluorescent response of BiDZ and MaBiDZ sensor systems. (A) Time dependent response of BiDZ and MaBiDZ sensor: (a) without F-sub, (b) without synthetic Twist (see Table[1](#tbl1){ref-type="other"}) analyte, (c) response of MaBiDz without magnet applied, (d) response of BiDZ, and (e) MaBiDZ activated with magnetic field in the presence of 1 nM synthetic Twist analyte (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf) for concentrations of all other components of the BiDZ and MaBiDZ probe.) (B) Response of MaBiDZ (d, e, f) compared to BiDZ (a, b, c) in the presence of different concentrations of Twist analyte after 30 (a,d), 60 (b,e) or 120 (c,f) min. All error bars are the result of three independent measurements; some bars are not visible because they are smaller than the labels for the experimental points.](ja-2017-06022v_0001){#fig1}

Next we chose to test the sensing ability of MaBiDZ *ex vivo* in mammalian cell culture. We chose the MCF-7 breast cancer cell line, and human cervical epithelial cells (HCX) isolated from human tissue, which express high^[@ref22]^ and lower levels^[@ref23]^ of Twist mRNA, respectively. Our first aim was to compare the fluorescent response of MaBiDZ in MCF-7 cells with and without exposure to a magnetic field (ON and OFF states, respectively) using confocal laser scanning microscopy (CLSM). Cells were incubated with MaBiDZ at a 40 μg/mL concentration (within the none-toxicity concentration range, see [Figure SI9](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf)) for 4 h and monitored with CLSM every 30 min. Cells exposed to a magnetic field demonstrated a highly fluorescent response compared to those without a magnetic field (compare green fluorescence in panels A and C, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Next, we tested MaBiDZ in its ability to detect different levels of mRNA. CLSM images demonstrated higher fluorescent responses in MCF-7 (panel A and C) than in HCX (panel B and D) cells consistent with the reported differences in Twist mRNA levels.^[@ref22],[@ref23]^

![Intracellular testing of MaBiDZ sensor. CLSM images of (A) Twist-overexpressing MCF-7 cancer cells treated with MaBiDZ sensor with magnetic field applied and (C) no magnetic field applied. Analogously treated cervical epithelial cells (expressing low levels of Twist) with (B) magnetic field applied and (D) without magnetic field. Images were taken after 2.5 h of incubation time. Nuclei are stained with Hoechst nuclear stain and visualized with 408 nm laser. Surfaces are stained with anti-epithelial cell adhesion molecule (EpCAM) antibody and visualized with a 635 nm laser. Fluorescence from the MaBiDZ probe is visualized with the 488 nm laser. Corresponding flow cytometry data are shown as insets below each image. The gates on flow cytometry plots indicate percent of EpCAM positive cells with low and high MaBiDZ fluorescence. The number of internalized particles was estimated to be ca. 1 × 10^6^ MaBiDZ per cell (see [Figure SI11](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf)). Scale bar is 20 μm.](ja-2017-06022v_0002){#fig2}

To quantify the intracellular signaling of the MaBiDZ probe, we examined large population of cells treated with probes using flow cytometry. This method eliminates variations that can be observed using CLSM, which only permits the examination of a small fraction of cells. Flow cytometry results ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, insets) show that MCF-7 cells treated with MaBiDZ and a magnetic field (ON state) exhibited 4 times greater fluorescence than MaBiDZ-treated MCF-7 cells without a magnetic field (OFF state), thus confirming the magnetic field-dependent switch-like effect of this system (compare insets in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,C). When compared to the control noncancerous HCX cells, MCF-7 cells exhibited a 20-fold fluorescence enhancement (compare panel A with B, in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). It is important to note that significant signaling was apparent after only 2.5 h, as opposed to a previous technique that required an incubation of 12 h before a signal could be detected.^[@ref9]^ To demonstrate the low background of MaBiDZ, we incubated MaB2 (bound to F-sub) alone in MCF-7 cells (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf), Figure SI6). A signal enhancement was not observed, confirming that MaB-attachment protects F-sub from nuclease-induced cleavage, which would result in high background fluorescence. Earlier, a similar effect was observed for gold nanoparticle-attached fluorescent probes.^[@ref8]^ The fluorescence data from CLSM and flow cytometry measurements of whole cells was validated using fluorescence data of cell lysates (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf), Figure SI10). This data was in good agreement with measurements of Twist levels from whole cells.

Our next aim was to investigate the mechanisms that promote the observed signaling efficiency and enhancement of MaBiDz within the cell. We hypothesized that the magnetic field plays a role in enhancing cellular entry and intracellular transport kinetics, based on previous reports.^[@ref24]^ To investigate this, we examined a small window of events upon cellular entry of MaBiDZ, both with (ON) and without (OFF) a magnetic field. Previous studies^[@ref25]^ show that nanoparticles enter cells by endocytosis, and are subsequently either stored in endosomes or lysosomes, or undergo endosomal escape. If these intracellular nanoparticles cannot escape from the endosome or lysosome, they are not available for intracellular sensing. Therefore, we investigated the distribution and colocalization of the oligo-modified MaBs and endosomes by CLSM at various time points. Results indicate that, at the peak of endosomal internalization of MaB, the ON state demonstrated about 50% less colocalization of MaB and endosomes compared to the OFF state (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf) for Figures SI7--8). Though the mechanism is under investigation, the data suggest that a magnetic field mitigates the bottleneck of endosomal sequestering, freeing nanoparticles for sensing functions in the cytoplasm.

In summary, we have designed a fluorescent hybridization MaBiDZ mRNA sensing system that can be activated by a magnetic field at the desired time. MaBiDZ sensing technology produces low backround fluorescence that can be instantly activated by magnetic field. We demonstrated that the sensor can be used for magnetic field-dependent mRNA sensing in living cells. The technology enables detection of specific mRNA in live cells within 2.5 h after applying a magnetic field, which is a significant improvement in comparison with current techniques. We hope that the MaBiDZ technology introduced here will add to the toolbox of techniques for RNA analysis in live cells. The developed approach can find much broader applications than the presently demonstrated cancer biomarker analysis example.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.7b06022](http://pubs.acs.org/doi/abs/10.1021/jacs.7b06022).Details of experimental procedures, complete structure of probe-analyte complex, and control experiments with cell culture ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06022/suppl_file/ja7b06022_si_001.pdf))
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